Background and Purpose: Interaction of a drug with the carrier protein in the circulation determines its distribution, free or bound concentration and metabolism. Structural alteration in the major transport protein, human serum albumin (HSA) under several pathological conditions may affect its drug binding ability. The objective of the present investigation was to explore the binding of warfarin to structurally-altered HSA. Methods: Effect of urea, a denaturant on the interaction of warfarin with HSA was investigated using fluorescence spectroscopy. Results and Discussion: Fluorescence spectra of native HSA were characterized by the presence of an emission maximum around 339 and 343 nm, when excited at 280 and 295 nm, respectively. Warfarin binding to HSA was marked by a significant decrease in the fluorescence intensity and red shift in the emission maximum, being more pronounced at lower (1-5 µM) and smaller at higher (10-40 µM) drug concentrations. Presence of urea affected these signals to a significant extent even at lower concentrations. A significant decrease in both quenching and binding constants with increasing urea concentrations, suggested separation of excited fluorophore (Trp) of HSA and warfarin leading to the loss in its drug binding ability.
INTRODUCTION
Human serum albumin (HSA), the major transport protein of mammalian blood circulation binds a large number of drugs varying in structure. 1 It is a single polypeptide chain with 585 amino acid residues, arranged in three structurally similar domains, I, II and III, which are comprised of two sub domains, A and B.
2 Drug binding to HSA plays an important role in the pharmacokinetics of the drug by limiting the unbound concentration and affecting its administration and elimination. In some cases, the major fraction of the administered drug is determined by HSA. Structural studies have shown specific locations of these binding sites on HSA 2 . Many drugs bind to one of the two primary binding sites on the protein, known as Sudlow's sites I and II. bosis and pulmonary embolism, 4, 5 as well as in the prevention of prosthetic heart valve thromboembolism. 6 Under normal therapeutic conditions, warfarin is 99% bound to the protein (HSA) in circulation and is therefore, known as a drug with small volume of distribution and low clearance. 7 Warfarin is known to bind to site I of HSA, which is also known as the warfarin-azapropazone binding site. 8, 9 Due to its specific binding to site I on HSA, warfarin is often used as a competing agent or a marker ligand for investigating the specific binding of other drug molecules to site I on HSA. [10] [11] [12] Denaturation usually results in the destruction of the protein's tertiary structure, leading to the change in its ligand binding ability since all functions of proteins are displayed by their three-dimensional structures. 13 Under several pathological conditions, tertiary structure of HSA is altered.
14 Such structural alterations may affect ligand binding ability of HSA. In view of this, it would be of interest to study the binding of warfarin to structurally-altered HSA. Furthermore, for effective therapeutic monitoring of the drug, it is necessary to know the binding parameters of drug-protein interaction during HSA destabilization. In clinical situations, where plasma protein binding may be altered, total drug concentrations must be interpreted with caution. 15 Although, a number of reports are available in the literature on the binding of warfarin to HSA [16] [17] [18] but no attempt has been made to study the effect of protein's structural alteration on the binding of warfarin to HSA. In view of the above, it would be of interest to study warfarin binding to HSA in the presence of different urea concentrations. Here, we present our data on the effect of urea on the warfarin binding to HSA.
MATERIALS AND METHODS
Human serum albumin, essentially fatty acid free (Lot 104K7636), warfarin (minimum 98%) (Lot 104K1261) and ultra pure urea (Lot 127K01061) were purchased from Sigma-Aldrich Inc., USA. Other reagents used in this study were of analytical grade purity.
Analytical methods
Protein concentration was determined spectrophotometrically on a Shimadzu double beam Spectrophotometer; model UV-2450, using a specific extinction coefficient, of HSA as 5.31. 2 The concentration of the stock urea solution was determined following the published procedure. 19 The stock drug solution (400 µM) was prepared by dissolving 3.1 mg of warfarin in 25 ml of 0.06 M sodium phosphate buffer, pH 7.4 with gentle heating at 37 o C.
Fluorescence spectroscopy
Fluorescence measurements were performed on a Hitachi Fluorescence Spectrophotometer, model F-2500. Fluorescence spectra were recorded at a protein concentration of 1.0/1.8 µM with a 1-cm path length cell. The excitation and emission slits were set at 10 nm each. Intrinsic fluorescence was measured by exciting the protein solution at either 280 or 295 nm and the emission spectra were recorded in the wavelength range, 300-400 nm.
Drug binding studies
The interaction of warfarin with HSA was studied at different drug/protein molar ratios using fluorescence spectroscopy both in the absence and the presence of different urea concentrations. All experiments were carried out in 0.06 M sodium phosphate buffer, pH 7.4 at 25 o C. Increasing volumes (12.5-500 µl) of the stock drug solution (400 µM) were added to a fixed volume (280 µl/500 µl) of the stock protein solution (18 µM), taken in different tubes and incubated for 20 min at 25 o C. It was followed by the addition of a fixed volume of the stock urea solution (10 M). The final volume in each tube was made to 5 ml with buffer, if required and the solution mixtures were incubated for additional 60 min at room temperature. Fluorescence spectra were recorded upon excitation at both 280 and 295 nm. Same protocol was used in different experiments involving different urea concentrations. Drug-binding data were analyzed using Stern-Volmer equation. 20 Where F 0 and F are the fluorescence intensities at an appropriate wavelength in the absence and the presence of drug, respectively, K sv is the Stern-Volmer constant and [Q] is the molar concentration of the drug. Binding constant of drug-protein interaction was determined using following equation as suggested earlier.
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Where Q is the drug concentration, K b is the binding constant, n is the number of binding sites and 
RESULTS AND DISCUSSION
Intrinsic fluorescence spectra of HSA (1 µM) both in the absence and the presence of increasing warfarin concentrations (1.0-40 µM), upon excitation at 280 nm are shown in Figure 1A . As can be seen from the figure, native HSA produced the fluorescence spectrum in the wavelength range, 300-400 nm with an emission maximum at 339 nm. Appearance of an emission maximum at 339 nm can be ascribed to the presence of Trp residue in HSA. 22, 23 Presence of increasing warfarin concentrations in the incubation mixture led to a significant decrease in the fluorescence intensity and red shift in the emission maximum ( Figure 1A) . Presence of the emission maxima around 375 nm at higher warfarin concentrations may be attributed to the free warfarin fluorescence. Energy transfer from the protein fluorophores to warfarin in its ground state can account for the quenching observed in the protein fluorescence. This seems understandable in view of the significant overlap between the absorption spectrum of the drug (warfarin) and the emission spectrum of HSA (Figure not shown) . Both decrease in the fluorescence intensity and red shift in the emission maximum of HSA with increasing war-farin concentrations were indicative of warfarin binding to HSA. Furthermore, drug binding to HSA involved the participation of both Tyr and Trp residues. Since the lone tryptophan residue (Trp 214) and majority of tyrosine residues (14 out of 18 Tyr residues) are located in domains I and II 2 , it seems that binding of warfarin to HSA changed the microenvironment around these residues. This agreed well with the location of warfarin binding site in domain II, which is Sudlow's site I on HSA. 8, 9 Binding of warfarin to native HSA has been studied earlier using different techniques including fluorescence spectroscopy and our results were found in agreement to those published earlier. [16] [17] [18] 24, 25 Fluorescence intensity data were transformed into relative fluorescence intensity by taking the fluorescence intensity of native HSA at 339 nm in the absence of drug as 100 and plotted against warfarin concentration (Figure 2A ). There was a sharp decrease in the fluorescence intensity at lower drug concentrations (1-5 µM) which sloped off at higher drug concentrations (10-40 µM). Linear decrease in the fluorescence intensity at lower drug concentrations and saturation at higher drug concentrations are typical for specific binding of ligands to proteins.
26,27
Interaction of warfarin with HSA was also studied in the presence of different urea concentrations i.e.: 3.0, 3.5, 4.0, 4.5, 5.3, 6.5 and 8.0 M using fluorescence spectroscopy. Titration of a constant amount of HSA (1 µM) was performed with increasing warfarin concentrations (1.0-40 µM) in the presence of fixed urea concentration and the resulting fluorescence spectra (upon excitation at 280 nm) obtained at 5.3 M urea are shown in Figure  1B . Fluorescence spectra obtained at other urea concentrations are omitted for brevity. Fluorescence spectra obtained in the presence of different urea concentrations were found to be qualitatively similar to those observed in the absence of urea ( Figure 1A) . However, significant differences in the extent of fluorescence quenching were noticed at different urea concentrations. Fluorescence data were transformed into relative fluorescence intensity in the same way as described above. A comparison of these plots obtained at different urea concentrations showed a significant decrease in the extent of fluorescence quenching (Figure 2A ) with the increase in urea concentration. The pattern of fluorescence quenching with increasing warfarin concentrations remained the same up to 5.3 M urea concentration, showing a marked decrease in the fluorescence intensity at lower drug concentration drug concentrations followed by a smaller decrease at higher drug concentrations. However, at higher urea concentrations (>5.3 M), a linear decrease in the fluorescence intensity was noticed throughout the drug concentration range (Figure 2A ). Plots of relative fluorescence intensity versus drug concentration obtained in the presence of 3.0, 3.5 and 4.0 M urea concentrations showed little variation, among each other but were found significantly different from the one, obtained in the absence of urea. There was a progressive decrease in the fluorescence quenching with the increase in urea concentration at each drug concentration as the plots moved upwards on the Y-axis and became linear at higher urea concentrations (Figure 2A ). Since the decrease in the fluorescence intensity (fluorescence quenching) with increasing warfarin concentrations was suggestive of warfarin binding to HSA, any decrease in the fluorescence quenching in the presence of urea indicated loss in the drug binding to the protein. A significant loss in drug binding was noticed in the presence of ≥6.5 M urea due to lesser degree of quenching throughout the drug concentration range. At the highest drug concentration (40 µM), about 39% and 31% quenching were noticed in the presence of 6.5 M and 8.0 M urea, respectively against 80% quenching observed with native HSA (Figure 2A) . Since the start and the end points of the urea denaturation curve of HSA under these conditions were 3 M and 6.5 M with the accumulation of an intermediate around 5.2 M urea (Figure omitted for brevity) , it appears that warfarin binding to the intermediate was significantly lesser. To validate these findings, fluorescence spectra were also recorded under similar conditions but upon excitation at 295 nm (spectra not shown). Presence of urea in the incubation mixture produced significant decrease in the fluorescence quenching ( Figure 2B ). Although these results were found similar to those obtained with 280 nm excitation at lower drug concentrations, smaller differences were noticed at higher drug concentrations ( Figure 2 ). For example, at 40 µM drug concentration, about 31% and 48% quenching in the fluorescence intensity were noticed in the presence of 8.0 M urea, when monitored upon excitation at 280 and 295 nm, respectively ( Figures. 2A and B) . Presence of urea decreased the binding of warfarin to HSA as revealed by the decrease in the fluorescence quenching, observed in the presence of urea (Figure 2) . Drug binding data were analyzed according to the method suggested by Eftink and Ghiron 20 and the resulting Stern-Volmer plots for warfarin-HSA interaction both in the absence and the presence of different urea concentrations are shown in Figure 3 . As can be seen from the figure, plots showed linearity at lower drug concentrations while a significant deviation from linearity was noticed at higher drug concentrations. Values of the quenching constant (K sv ) as determined from the slope of the initial linear parts of the plots are given in Table 1 ) was obtained for warfarin-HSA interaction, which was similar to those reported earlier for other drugs, known to bind to site I of HSA. 28, 29 Warfarin is known to bind to site I of HSA molecule. 8, 9 There was a significant decrease in the K sv value with increasing urea concentrations (Table 1) , which suggested the increase in the distance between excited fluorophore (Trp) and the ligand (warfarin), due to significant loss in the tertiary structure of the protein at higher urea concentrations. This was in agreement with urea denaturation results, suggesting complete denaturation at higher (>6.0 M) urea concentrations. 27 Warfarin binding data were also analyzed following published procedure 21 and the values of the apparent binding constant, K b for warfarin-HSA interaction were determined from the plots shown in Figure. (Table 1) , as obtained in this study was found similar to the one reported earlier. 16, 30 The binding constant decreased from 2. (Table 1) . Although, there was a decrease in both Stern-Volmer constant (K sv ) and apparent binding constant (K b ) with increasing urea concentrations, it was more pronounced in K b at higher urea concentrations (e.g. 5.3 M).
CONCLUSION
These results suggested the sensitivity of warfarin binding site to urea as alteration in the three-dimensional structure of defatted HSA markedly affected its drug binding ability. In view of the structural stabilization offered by bound fatty acids in fatted HSA, 31 such effects of urea may not be as pronounced as observed with defatted HSA.
